Introduction
============

Coronary artery obstruction presenting with acute myocardial infarction is one of the leading causes of death worldwide ([@b1-etm-0-0-8735]). Ischemia-reperfusion (I/R) injury, a pervasive pathological disorder, occurs when the blood flow to a tissue is blocked and reperfusion occurs when the blockage is removed ([@b2-etm-0-0-8735]). Acute myocardial I/R (AMI/R) injury is a complex phenomenon involving atherosclerotic plaque rupture ([@b5-etm-0-0-8735]), which stops the oxygen and nutrient supply, inducing cardiomyocyte death due to the reperfusion process. Previous studies have demonstrated that mitochondrial activities play a critical role in the early phase of AMI/R ([@b6-etm-0-0-8735],[@b7-etm-0-0-8735]).

Reactive oxygen species (ROS) from mitochondria drive the acute damage in reperfusion ([@b8-etm-0-0-8735]), which directly causes mitochondrial ATP disruption ([@b9-etm-0-0-8735]), calcium level dysregulation ([@b10-etm-0-0-8735]) and leads to cell apoptosis ([@b8-etm-0-0-8735]). The acute oxidative stress injury and mitochondrial dysfunction are important steps for AMI/R injury, which can induce cell or mitochondrial membrane rupturing and myocardial infarction. The major source of oxidative stress in I/R injury may be associated with complex I and III of the electron transport chain in mitochondria ([@b11-etm-0-0-8735]). Therefore, alterations in the activity of complex I and complex III in mitochondria may influence the oxidative damage caused by ROS.

The ERK1/2 signaling pathway is one of the important pathways that utilize proteins from the mitogen-activated protein kinases family, which exert anti-apoptotic and cardioprotective effects during AMI/R ([@b12-etm-0-0-8735]). However, the extent of ERK phosphorylation is significantly raised in I/R injury. Previous studies have demonstrated that ERK protects against I/R injury through activating p90 ribosomal S6 kinase and phosphorylation of Bcl-xl/Bcl-2-associated proteins to inhibit cellular apoptosis ([@b13-etm-0-0-8735],[@b14-etm-0-0-8735]). The ERK1/2 signaling pathway has been identified as the pro-survival mediator against I/R injury. PD98059 is a highly selective inhibitor of ERK which binds to the inactive form of the protein and prevents activation by its upstream activators ([@b15-etm-0-0-8735]). PD98059 may act against ERK signal transduction and therefore act as a powerful tool to investigate the mechanisms of action behind I/R injury.

Homocysteine (Hcy), the sulfur-containing amino acid form during methionine metabolism, which is associated with the risk of I/R ([@b16-etm-0-0-8735]). Abnormally high levels of Hcy in plasma have been indicated as a strong and independent risk factor for cardiovascular disease ([@b17-etm-0-0-8735]). Recent studies have reported that Hcy plays a critical role in I/R-induced oxidative stress, which causes the activation of inflammatory pathways, impaired endothelial function, atherogenesis, and cardiac remodeling ([@b17-etm-0-0-8735]). Furthermore, plasma Hcy expression levels are also positively associated with blood pressure, a major risk factor for cardiovascular disease ([@b18-etm-0-0-8735],[@b19-etm-0-0-8735]).

However, the precise effects of Hcy and the ERK1/2 signaling pathway on mitochondrial dysfunction and oxidative stress in AMI/R injury remains unclear. In the present study, AMI/R injury animal models were established and treated with Hcy. Hcy was also used in H9C2 cells that were subjected to hypoxia-reoxygenation (H/R). Mitochondrial function and ROS production were evaluated.

Materials and methods
=====================

### Animal model of AMI/R

Male Sprague-Dawley rats (250±10 g) were purchased from Vital River Laboratory Co. Ltd. The animal care and experimental procedures were according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. The study protocol was reviewed and approved by the Ethics Committee of Cangzhou Central Hospital (approval no. 2018-029-01). Rats were maintained in environmentally controlled rooms (25˚C) with 12 h light/dark cycles. Rats were randomly divided into 4 experimental groups with 5 rats per group: Sham operation control group, AMI/R group, AMI/R and Hcy group (AMI/R + Hcy), and the AMI/R, Hcy and PD98059-treated group (AMI/R + Hcy + PD98059). Rats were sacrificed 21 days after reperfusions. Blood samples and heart tissue were collected to measure the cardiac I/R-related protein expression.

The AMI/R rat model was established according to a previous study ([@b20-etm-0-0-8735]). In brief, ischemia was maintained for 30 min, at which time the slip knot was released, initiating reperfusion for 3 h. After intraperitoneal injection of 2% pentobarbital (30 mg/kg), the left anterior descending coronary artery was ligated for 45 min before reperfusion injury in the AMI/R group. To prevent infection, benzyl penicillin sodium (400,000 U/kg) was injected once a day for 3 days. Successful AMI/R was confirmed by ST segment-characterized electrocardiogram. The Hcy (1.6 mg/kg/day; Sigma-Aldrich; Merck KGaA) was injected intravenously via the tail vein for 21 days prior to the operation and up to 24 h after surgery. In the AMI/R + Hcy + PD98059 group, ERK1/2 inhibitor PD98059 (10 mg/kg) was administered throughout the entire period of Hcy treatment in the AMI/R rats. All rats were euthanized following the AVMA Guidelines on Euthanasia ([@b21-etm-0-0-8735]) after the experiment. Intraperitoneal injections of a minimum of 200 mg/kg sodium pentobarbital were used as the euthanasia solution. Following the completion of the euthanasia procedure, death was confirmed by ascertaining cardiac and respiratory arrest or noting an animal\'s fixed and dilated pupils.

### Cell culture and the I/R model

H9C2 (2-1) cells (CRL-1446™) were obtained from the American Type Culture Collection and cultured in DMEM containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 2 mM glutamine, 100 U/ml of penicillin and 100 µg/ml of streptomycin and exposed to H/R conditions as previously described ([@b22-etm-0-0-8735]). The H/R treatments consisted of 0.1% O~2~ + 5% CO~2~ in serum-starvation FBS medium for 4 h. After hypoxia, the cells were re-oxygenated by incubating in 95% O~2~ + 5% CO~2~ environment. Then, H9C2 cells were randomly exposed to one of the following treatments: Pretreated ERK inhibitor PD98059 (50 µM) for 30 min + Hcy (500 µM) or Hcy (500 µM) only at 37˚C.

### Western blotting

Rat normal or ischemic heart tissues were homogenized in RIPA buffer (20 mM TRIS-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton-X100, 1% sodium deoxycholate, 1 mM PMSF and 1 µg/ml leupeptin). The concentration of the protein was determined using Lowry protein assay and equal amounts (20 µg) of protein were separated by 10% SDS-PAGE. After transferring onto nitrocellulose membranes, the membranes were blocked for 1 h with 5% non-fat milk at 25˚C and then incubated with the following primary antibodies: Phosphorylated (p)-p38 (1:1,000; Abcam; cat. no. ab4822), p38 (1:2,000; Abcam; cat. no. ab170099), VDAC1/porin (1:2,000; Abcam; cat. no. ab14734), p-ERK (1:1,000; Abcam; cat. no. ab192591), ERK1/2 (1:5,000; Abcam; cat. no. ab184699), peroxisome proliferator activated receptor γ (PPARγ; 1:2,000; Abcam; cat. no. ab45036), p53 (1:5,000; Santa Cruz Biotechnology, Inc.; cat. no. sc-126), cytochrome c (1:1,000; Abcam; cat. no. ab133504), cleaved caspase 3 (1:2,000; Santa Cruz Biotechnology, Inc.; cat. no. sc-56053) and GAPDH (1:5,000; Santa Cruz Biotechnology, Inc.; cat. no. sc-32233) at 4˚C overnight. The membrane was incubated with the corresponding secondary antibody (goat anti-rabbit or goat anti-mouse; 1:10,000; Abcam; cat. no. ab6702 or ab6708, respectively) at 25˚C and then analyzed under a fluorescence microscope. The protein levels were quantified using ImageJ 1.48 (National Institute of Health).

### Determination of cellular and mitochondrial ROS

The formation of ROS in H9C2 cells was measured using the fluorescein dye, dichloro-dihydro-fluorescein diacetate (DCF-DA). The cells were seeded into six-well plates (5x10^5^) and pre-incubated with 10 µM DCF-DA in the dark. The fluorescence of DCF-DA was then detected at the excitation wavelength of 488 nm and emission wavelength of 525 nm. Mitochondrial ROS production was measured using the mitochondrial superoxide indicator, MitoSOX™ (cat. no. LSM36008; Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instruction. MitoSOX was added to the cells and incubated for 10 min at 37˚C after the various treatments. Subsequently, cells were washed and detected using confocal microscopy imaging.

### Measurement of heart function

Following 2 h after reperfusion, creatine kinase (CK) and glutamic-oxaloacetic transaminase (GOT) levels were determined using an automatic biochemistry analyzer (Toshiba model 750; Toshiba Corporation) following the manufacturer\'s instructions. Left ventricular systolic pressure (LVSP), maximum change rate of left ventricular pressure rise (+dp/dt~max~) and the maximum change rate of left ventricular pressure fall (-dp/dt~max~) were recorded using echocardiography (Vivid E95; GE Healthcare) following the manufacturer\'s protocol.

### Statistical analysis

All data are presented as the mean ± SEM. Statistical analyses were performed using one-way ANOVAs followed by post-hoc Tukey\'s test for multiple comparisons in GraphPad Prism (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Hcy enhances ERK1/2 protein expression and oxidative stress in rats with AMI/R injury

ERK1/2 expression was analyzed in a rat model of AMI/R injury. The western blot analysis showed significant differences between the AMI/R and AMI/R + Hcy groups, revealing that the protein expression ratio of p-ERK1/2/total-ERK1/2 was increased after Hcy treatment ([Fig. 1A](#f1-etm-0-0-8735){ref-type="fig"}). To determine whether Hcy was capable of inducing oxidative stress in AMI/R injury, AMI/R rats were treated with Hcy + PD98059 or Hcy alone, and the concentration of ROS was assessed by DCF-DA. The results showed that the AMI/R + Hcy treatment resulted in a significant enhancement in ROS generation as compared to the AMI/R group ([Fig. 1B](#f1-etm-0-0-8735){ref-type="fig"}). These results demonstrated that the protein expression of ERK1/2 was enhanced and that oxidative stress was induced after administration of Hcy in rats with AMI/R injury.

### Hcy induces cytochrome c translocation and mitochondrial dysfunction in rats with AMI/R injury

To explore the effects of Hcy on AMI/R-injury induced mitochondria-mediated apoptosis, the protein expression levels of cytochrome c were investigated by western blotting. Significantly decreased expression levels of mitochondrial cytochrome c were detected in the AMI/R + Hcy group as compared to the AMI/R group ([Fig. 1A](#f1-etm-0-0-8735){ref-type="fig"}). By contrast, compared with the AMI/R group, a significant increase in the protein expression levels of cytochrome c in the cytosolic fraction was observed in the AMI/R + Hcy group ([Fig. 1A](#f1-etm-0-0-8735){ref-type="fig"}). To determine whether Hcy induced mitochondrial dysfunction in the AMI/R injury rats, the mitochondrial oxidative damage was evaluated. Immunofluorescence staining showed that the number of MitoSOX-positive cells was significantly higher in the AMI/R + Hcy group compared with the AMI/R group ([Fig. 1B](#f1-etm-0-0-8735){ref-type="fig"}). The data revealed that Hcy significantly enhanced the release of mitochondrial cytochrome c into the cytosol and increased ROS generation from mitochondria in AMI/R injury rats.

### Hcy causes cardiac dysfunction in rats with AMI/R injury

Using cardiac dysfunction analysis, the current study determined the effects of Hcy on AMI/R injury-induced cardiac dysfunction. Compared with the AMI/R group, Hcy significantly decreased the LVSP and +dp/dt~max~. However, the -dp/dt~max~ has been enhanced by Hcy ([Fig. 2](#f2-etm-0-0-8735){ref-type="fig"}). Furthermore, the activity of CK and GOT was significantly increased by Hcy in AMI/R injury rats ([Fig. 2](#f2-etm-0-0-8735){ref-type="fig"}).

### ERK1/2 inhibitor reverses the effects of Hcy on mitochondrial dysfunction and oxidative stress in rats with AMI/R injury

To assess whether ERK1/2 was involved in the effects of Hcy on inducing mitochondrial dysfunction and oxidative stress, cellular ROS production and mitochondrial function was evaluated in rats with AMI/R injury. A significant increase in mitochondrial cytochrome c expression levels was observed after PD98059 treatment as compared to the AMI/R injury rats following Hcy treatment ([Fig. 1A](#f1-etm-0-0-8735){ref-type="fig"}). These data suggested that PD98059 treatment caused a suppressive effect on cellular and mitochondrial ROS production. Furthermore, PD98059 significantly inhibited the release of mitochondrial cytochrome c into the cytosol in the AMI/R + Hcy rats after Hcy treatment. As shown in [Fig. 1B](#f1-etm-0-0-8735){ref-type="fig"}, PD98059 significantly inhibited ROS generation after Hcy treatment in AMI/R injury rats. Consistent with this observation, mitochondrial ROS production was also attenuated in the PD98059-treated animals as compared with the AMI/R + Hcy group ([Fig. 1B](#f1-etm-0-0-8735){ref-type="fig"}).

### ERK1/2 inhibitor reverses the effects of Hcy on inducing cardiac dysfunction in rats with AMI/R injury

Whether ERK1/2 was involved in the effects of Hcy on inducing cardiac dysfunction in rats with AMI/R injury was further evaluated. After ERK1/2 inhibitor PD98059 treatment, the effects of Hcy on LVSP, +dp/dt~max~ and -dp/dt~max~ were significantly reversed. In addition, the activity of both CK and GOT was significantly decreased by PD98059 treatment in the AMI/R injury rats following Hcy treatment ([Fig. 2](#f2-etm-0-0-8735){ref-type="fig"}).

### ERK1/2 inhibitor reverses the effects of Hcy on mitochondrial dysfunction and cell injury in H/R H9C2 cells

To verify the beneficial effects of ERK1/2 inhibitor on Hcy-induced cardiac dysfunction, H9C2 cells were exposed to H/R conditions and treated with or without Hcy or PD98059. After co-treatment with Hcy and H/R, the p-ERK1/2/ERK1/2 ratio was significantly increased compared to the H/R group ([Fig. 3A](#f3-etm-0-0-8735){ref-type="fig"}). Subsequently, the rate of apoptosis was determined by western blotting and annexin-V staining assay. Compared with the H/R group, the proportion of annexin-V positive cells and the expression of p53 were significantly increased ([Fig. 3A](#f3-etm-0-0-8735){ref-type="fig"} and [B](#f3-etm-0-0-8735){ref-type="fig"}); however, the levels of p-p38/total p38 and PPARγ were significantly decreased in the H/R + Hcy group ([Fig. 3A](#f3-etm-0-0-8735){ref-type="fig"}). Pretreatment with PD98059 could reverse the Hcy-induced increase in the levels of apoptosis in H9C2 cells ([Fig. 3A](#f3-etm-0-0-8735){ref-type="fig"} and [B](#f3-etm-0-0-8735){ref-type="fig"}). Similar results were observed using DCF-DA fluorescence. The H/R + Hcy + PD98059 group demonstrated significantly reduced oxidative stress compared with that in the H/R + Hcy group ([Fig. 4](#f4-etm-0-0-8735){ref-type="fig"}). The data revealed that the ERK1/2 inhibitor could prevent the Hcy-induced apoptosis and oxidative stress.

To confirm the findings *in vitro*, the effects of ERK1/2 inhibitor on Hcy-stimulated mitochondrial dysfunction were also examined in H9C2 cells. As shown in [Fig. 3A](#f3-etm-0-0-8735){ref-type="fig"}, the mitochondrial cytochrome c levels were significantly increased in the H/R + Hcy + PD98059 group compared with the H/R + Hcy group. Consistent with the *in vivo* data, the mitochondrial ROS production was suppressed following PD98059 treatment, compared with the AMI/R + Hcy group ([Fig. 4](#f4-etm-0-0-8735){ref-type="fig"}). Taken together, these results demonstrated that the ERK1/2 inhibitor decreased ROS generation and suppressed cell apoptosis, thereby exerting a protective role in Hcy-induced cardiac dysfunction in H9C2 cells.

Discussion
==========

A number of studies have shown that coronary heart disease is a major cause of death and disability worldwide ([@b23-etm-0-0-8735]). Coronary heart disease is usually associated with the detrimental effects of AMI/R ([@b5-etm-0-0-8735]). I/R not only appears in different organs but is also involved in various pathological processes, such as heart failure. Previous studies have shown that the apoptosis of cardiomyocytes is the most important pathogenic mechanisms behind AMI/R injury ([@b24-etm-0-0-8735],[@b25-etm-0-0-8735]). Reperfusion injury after ischemia is characterized by myocardial stunning, myocyte death and microvascular dysfunction. The mechanisms of action behind AMI/R remain complex. Recent advances have indicated that oxidative stress, mitochondrial membrane depolarization, calcium overloading and inflammation are all involved. There are numerous kinases and signaling pathway involved in I/R-induced cell apoptosis. Activation of pro-survival kinases, such as the PI3K-Akt and ERK1/2, have been shown to be critical in AMI/R-induced cardioprotection ([@b26-etm-0-0-8735]). Hcy plays a critical role in the metabolism of sulfur amino acids and is associated with cardiovascular vascular disorders ([@b27-etm-0-0-8735]). The auto-oxidation process of Hcy is highly reactive at the physiological pH and leads to the production of superoxide and hydrogen peroxide ([@b28-etm-0-0-8735]). This phenomenon indicates that ROS production from the auto-oxidation of Hcy remains one of the mechanisms of action contributing to Hcy-induced cell injury. A previous study reported that increasing Hcy expression levels in plasma may enhance smooth muscle cell proliferation and collagen production, resulting in vascular disease ([@b29-etm-0-0-8735]). However, the effects and mechanisms of action behind Hcy induced cellular injury in AMI/R have not yet been fully elicited. Considering that ERK1/2 pathway activation, oxidative stress and mitochondrial dysfunction all play a critical role in the process of AMI/R injury, the present study analyzed the functional relevance of these factors in Hcy-induced cell injury in AMI/R. The results of the present study showed that after Hcy treatment in AMI/R rats, ERK1/2 prosphorylation and oxidative stress were significantly elevated. Hcy also enhanced the release of mitochondrial cytochrome c into the cytosol and increased the ROS generation from mitochondria in AMI/R rats. These results are in accordance with previous research which indicated that the role of Hcy in endothelial dysfunction is mediated by oxidative stress and inflammation ([@b30-etm-0-0-8735]). Furthermore, the LVSP, +dp/dt~max~ and -dp/dt~max~, as well as the activity of CK and GOT were all significantly increased by Hcy during AMI/R injury. These data are consistent with previous studies which reported that Hcy may be involved in cardiovascular diseases through a number of mechanisms and that Hcy may alter arterial structure and function ([@b31-etm-0-0-8735],[@b32-etm-0-0-8735]).

As the ERK1/2 signaling pathway is known to regulate the inflammatory processes in cardiovascular disease, the ERK1/2 signaling pathway may become a new therapeutic target for heart failure ([@b33-etm-0-0-8735],[@b34-etm-0-0-8735]). To further explore the significance of the ERK1/2 signaling pathway in cardioprotection during Hcy treatment in AMI/R, the ERK inhibitor, PD98059, was used to investigate the role of the ERK1/2 signaling pathway in Hcy-induced cell injury. The present results indicated that the ERK1/2 inhibitor not only protected I/R injury rats from Hcy-induced mitochondrial dysfunction and oxidative stress but also improved the myocardial function following Hcy-induced cardiac dysfunction. Furthermore, in the cell model, the inhibition of ERK1/2 also decreased ROS generation and apoptosis, thereby suggesting a protective effect against Hcy-induced cardiac dysfunction in H9C2 cells.

In conclusion, the present study demonstrated that the protective effect of the ERK1/2 inhibitor could reverse the Hcy-induced cellular injury. ERK1/2 inhibitors may be a new therapeutic method to treat Hcy-induced cardiac dysfunction in AMI/R.
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![ERK1/2 inhibitor PD98059 reverses the effects of Hcy on ERK 1/2 expression, the cytoplasmic translocation of Cyt c and cellular and mitochondrial ROS production in rats with AMI/R injury. (A) Western blotting for ERK and Cyt c after Hcy treatment. Bar graphs show semi-quantitative analysis of the levels of ERK and Cyt c, as determined by band density analysis (n=5). (B) Reactive oxygen species production in the cell matrix and mitochondria after Hcy treatment in rats with AMI/R. Representative images of the green DCF-DA or red MitoSOX staining (n=5). ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.005. AMI/R, acute myocardial ischemia/reperfusion; Cyto, cytoplasmic; Cyt c, cytochrome c; DCF-DA, dichloro-dihydro-fluorescein diacetate; Hcy, DL-homocysteine; Mito, mitochondrial; p, phosphorylated.](etm-20-02-0938-g00){#f1-etm-0-0-8735}

![ERK1/2 inhibitor PD98059 reverses the effects of Hcy on inducing cardiac dysfunction in rats with AMI/R injury. PD98059 ameliorated the changes in LVSP, +dp/dt~max~ and -dp/dt~max~ in the rats with AMI/R injury. Bar graphs show semi-quantitative analysis of the levels of CK and GOT as determined by an automatic biochemistry analyzer, as well as the LVSP, +dp/dt~max~ and -dp/dt~max~, as determined by echocardiography. n=5; ^\*^P\<0.05 and ^\*\*^P\<0.01. AMI/R, acute myocardial I/R; CK, creatine kinase; GOT, glutamic-oxaloacetic transaminase; LVSP, left ventricular systolic pressure; Hcy, D,L-homocysteine; +dp/dt~max~, the maximum change rate of left ventricular pressure rise; -dp/dt~max~, the maximum change rate of left ventricular pressure fall.](etm-20-02-0938-g01){#f2-etm-0-0-8735}

![ERK1/2 inhibitor PD98059 reverses the effects of Hcy on inducing Cyt c cytoplasmic translocation and apoptosis in H/R H9C2 cells. (A) Western blotting was performed to determine the expression levels of ERK and apoptosis-related proteins. Bar graphs show semiquantitative analysis of the levels of p/total ERK, p-p38, PPARγ, p53, cleaved caspase 3 and Cyt c, as determined by band density analysis. (B) The apoptosis rate was evaluated using Annexin V-FITC and PI staining, using an imaging flow cytometer. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.005. Cyto, cytoplasmic; Cyt c, cytochrome c; Hcy, DL-homocysteine; H/R, hypoxia-reoxygenation; Mito, mitochondrial; p, phosphorylated; PI; propidium iodide; PPARγ, peroxisome proliferator activated receptor γ.](etm-20-02-0938-g02){#f3-etm-0-0-8735}

![ERK1/2 inhibitor PD98059 reverses the effects of Hcy on cellular and mitochondrial ROS production in H/R H9C2 cells. Representative images of green DCF-DA or red MitoSOX staining are shown. ROS production in the cell matrix and mitochondria in H/R H9C2 cells after Hcy treatment are calculated from the fluorescence intensities. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.005. DCF-DA, dichloro-dihydro-fluorescein diacetate; ROS, reactive oxygen species; Hcy, DL-homocysteine.](etm-20-02-0938-g03){#f4-etm-0-0-8735}
